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This article is concerned with the idea that neural 
precursor cells in vertebrates can self-renew and give 
rise to all cell types within the nervous system. 
Supportive evidence for this notion of neural stem 
cells comes from clonal analyses undertaken both in 
vivo and in vitro. Neural stem cells also give rise to 
other cells in the body, including skin melanocytes 
and a range of mesenchymal cells in the head and 
neck. What determines the fate of these stem cells is 
their initial location within the developing neural 
tube and their final location post migration from the 
proliferative zone of the neural tube. A population of 
cells in the adult brain also have the characteristics of 
classical stem cells, a finding that opens the way for 
potential replacement therapy in nervous system­
degenerative diseases. Much of the work in our lab-
T
he idea of a stem cell, from which all cell types in a 
particular organ or system in the body are derived, 
gained most support historically from work in the 
field of development of the blood. Studies of blood 
development show that some cells have the capacity 
to both self-renew and to give rise to all known blood cell types 
(Metcalf, 1989). These are defined as blood stem cells. The primary 
progeny of these stem cells are other stem cells and, additionally, a 
more restricted class of undifferentiated cell, a progenitor cell. The 
progenitor cell can also self-renew, but it can only differentiate into 
one or more subclasses of cell. Thus, there is a developmental 
hierarchy of cells, from the multipotential stem cell through 
progressive stages of restriction until, finally, a cell whose fate is 
restricted to a single lineage. 
This kind of developmental hierarchy has also been proposed in 
the development of the nervous system. and there is now strong 
evidence that such a system operates. There are two major differ­
ences, however, between the development of blood and develop­
ment of the nervous system: first, blood cells continue to be 
generated throughout the life of the animal whereas the nervous 
system is effectively generated only during embryogenesis. Second, 
whereas blood develops and operates without many spatial cues, 
the nervous system develops initially within the context of a tube of 
cells, the neural tube. The location of any particular cell within that 
tube defines its fate both along an anterior-posterior axis as well as 
dorso-ventrally. Additionally, the neurons form massive three­
dimensional connections with each other, which more or less 
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oratory has been concerned with the regulation of 
expansion and differentiation of these cells into their 
myriad progeny and the role of a series of various 
growth factors in this process. Different factors, such 
as members of the fibroblast growth factor family, act 
at different times to regulate stem cell proliferation 
and differentiation. Some factors, including mem­
bers of the TGFIl superfamily, appear to be directly 
involved in the specification of cell fate. Finally, we 
are beginning to be able to determine the steps in the 
development of some lineages from multipotential 
stem cell to fully functional differentiated cell. Key 
words: neural crestljibroblast growth factorlleukemia inhibi­
tory factor/Steel factor/endothelin/melanocytes/neuronal dif­
ferentiation. Journal of Investigative Dermatology Sympo­
sium Proceedings 2:8-13, 1997 
define the final function of the brain and spinal cord. These 
differences must clearly influence the way in which the stem cells of 
the nervous system have their fates specified. Thus, because the 
nervous system develops in a very defined spatial and temporal 
context, the local environment around any particular cell might be 
discrete, and thus the fate of any given stem cell within the nervous 
system might be determined by the local environment. 
Are the Cells That Give Rise to the Nervous System Genu­
ine Stem Cells? The emerging evidence is that the nervous 
system is derived from multipotential stem cells. The full potenti­
ality of every stem cell, however, may not be realized in vivo; i.e., 
not every stem cell gives rise to all possible derivatives in vivo, and 
the probable fate of most stem cells is a smaller range of derivatives 
than their full potential. 
Clonal Analysis In Vivo How has this view of nervous system 
development emerged? The primary question of whether genuine 
stem cells exist in the developing brain has generally been addressed 
by determining whether single cells within the different parts of the 
developing nervous system can give rise to the two major classes of 
neural cells, neurons and glia. These studies have been undertaken 
both in vivo and in vitro. The ill vivo studies involved the tagging of 
cells within the neural tube by either infection with retroviruses 
carrying the lac Z gene or by direct injection of fluorescent dyes 
into individual neural tube cells and then following the progeny of 
these cells. Studies using retrovirus infection have come mainly 
from the laboratories of Cepko and Sanes and provide evidence for 
precursors in the brain that give rise not only to multiple types of 
differentiated progeny, but also to precursors that produce a much 
more restricted range of cell types (Gray et aI, 1990; Sanes, 1994). 
Precursors are a general term for cells that have the potential to give 
rise to more differentiated cells and thus include stem cells and 
progenitor cells. When a highly complex retroviral library was used 
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to infect the diencephalon, which gives rise to the thalamus, 
hypothalamus, and epithalamus, retrovirally marked clones were 
found to contain neurons, glia, and occasionally radial glia (Golden 
and Cepko, 1996). The majority of clones dispersed in all directions 
and included clones populating multiple nuclei within the dien­
cephalon and even clones that crossed major boundaries of the 
developing nervous system, such as the diencephalon and mesen­
cephalon, which give rise to completely dilferent brain structures. 
These findings showed that precursor cells in the diencephalon are 
multipotent and that their daughter cells can become widely 
dispersed (Golden and Cepko, 1996). 
Likewise, studies with direct injection of Buorescent-labeled 
dextrans in dilferent parts of the nervous system, such as the frog 
neural retina, show that individual precursors are multipotent and 
are capable of producing many combinations of cell types (Wetts 
and Fraser, 1991). 
This approach has also been used extensively in the analysis of 
the neural crest, whose cells form part of the developing neural 
tube, but which migrate away from the neural tube and into the rest 
of the embryo to give rise to a vast array of derivatives including the 
sensory, autonomic, and enteric ganglia of the peripheral nervous 
system, the melanocytes of the skin, and a large range of tissue types 
in the head and upper body, including bone, muscle, and cartilag­
inous tissue. Single neural crest cells have been micro injected with 
a Buorescent dye prior to migration from the neural tube (Bronner­
Fraser and Fraser, 1989; Bronner-Fraser et aI, 1991; Fraser and 
Bronner-Fraser, 1991). The clonal progeny of the cells, after 2 d, 
were sometimes found to be distributed in many regions to which 
neural crest cells normally migrate. Although the phenotype of 
these cells could not be definitively ascribed, it was found, on the 
basis of morphology and antibody binding, that individual clones 
contained sensory neurons, presumptive melanoblasts, satellite cells 
in dorsal root ganglia, adrenomedullary cells, and neural tube cells. 
Thus, these findings support the existence of multipotential neural 
crest cells in vivo. Some cells in the neural tube also appeared to give 
rise to both neural crest cells and neural tube cells destined to 
become mature central nervous system cells (Bronner-Fraser and 
Fraser, 1989; Bronner-Fraser et aI, 1991). Although these studies 
indicate the diversity of cell products, there has been concern as to 
whether they represent the progeny of a single cell. Difficulties with 
confining the injection to only one cell appears to present consid­
erable technical difficulties to other workers. Results obtained by 
following the progeny of neural crest cells infected with lac-Z 
containing retrovirus in vivo in the dorsal root ganglia, however 
(Frank and Sanes, 1991), also support the multipotential concept 
for the neural crest. 
Clonal Analysis In Vitro The other approach to studying the 
potential of neural precursor cells is to examine the potential of the 
precursor cells to develop in vitro. The in vitro approach allows one 
to examine what the full potential of any particular cell might be, 
and thus can give quite a dilferent answer to in vivo analyses. The 
di1ference between this approach and the in vivo approach is that the 
analysis of cell lineage in vivo explains what actually happens to the 
cells within the particular preset environment of the developing 
animal. Using an in vitro analysis, it was first shown by Temple 
(1989) that septal precursor cells were both heterogeneous in 
potentiality, but that approximately one quarter of the clones 
generated were multipotential. Work from our laboratory essen­
tially confirmed this finding but, in addition, showed that the 
precursor cells were classical stem cells in that they had a very large 
capacity for self-renewal (Kilpatrick and Bardett, 1993). 
Clonal analyses have also been undertaken in studies of the 
neural crest. Sieber-Blum and Cohen (1980) first used clonal 
analysis to study quail neural crest cells and found a proportion of 
clones that contained both catecholaminergic (neuronal lineage) 
and pigmented cells. More recent studies (Dulf et aI, 1991; Ito and 
Sieber-Blum, 1991) have revealed dilferent classes of clones: clones 
exclusively of the melanogenic lineage, clones that were unpig­
mented, and clones containing both pigmented and unpigmented 
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cells (mixed). The unpigmented and mixed clones all contained 
both catecholaminergic and sensory neurons. Thus, in this system, 
there is evidence for tripotent cells, cells restricted to two lineages, 
and fully committed cells. In the latter study (Ito and Sieber-Blum, 
1991), a clonal analysis of the cardiac neural crest, pluripotential 
(mesenchymal, neuronal, and melanocytic), bipotential (mesenchy­
mal, neuronal), and fully restricted clones were found. 
Studies from the laboratory ofLe Douarin found evidence for a 
similarly heterogeneous range of clones (Baroffio et ai, 1988; Dupin 
et aI, 1990; Baroffio et aI, 1991). In these studies, in addition to the 
fully restricted clones, multipotent clones comprising neurons, 
pigmented cells, and nonneuronal cells were found, as well as more 
restricted clones that contained Schwann cells, satellite cells, and 
neurons, but not pigmented cells. This pattern may indicate that 
neural and melanocytic cell precursors segregate early in the 
dilferentiation process. In one study (Baroffio et ai, 1991), some 
multipotential clones were found to contain either the full array of 
neural crest derivatives, including mesenchymal elements, or were 
restricted to either neural and melanocytic or neural and mesen­
chymal. 
These studies support the idea that within any neural crest 
population there are both multipotential and committed cells at the 
migratory stage. The observation of considerable heterogeneity in 
the clones is not necessarily an indication that there is innate 
heterogeneity in the neural crest cell's repertoire. It may be that all 
neural crest cells are initially multipotent; however, at the time the 
cells are isolated they have reached dilferent stages of dilferentia­
tion. If this is the case, then the actual lineage pathways, or 
committment steps, may be inferred from the segregation pattern 
observed in the clones. Within the multipotent clones, some are 
either neural/melanocytic or neural/mesenchymal, which suggests 
that this may be the first restrictive choice the neural crest cells 
make. Neurons, melanocytes, and mesenchymal cells segregate 
from each other in the more restricted clones. Glial cells also 
segregate from the other cell types, but a significant number of 
clones show co-segregation of neurons and glial cells, indicating the 
existence of a common glial/neuronal precursor that retains its 
bipotentiality late into the differentiation process. These findings, 
especially with the many intermediate, or partially committed 
clones, supports the concept of sequential differentiation from a 
multipotential cell. This concept is represented diagrammatically in 
Fig 1. 
An alternative view of these studies is that the heterogeneity of 
clones that have been found in the neural crest is actually a random 
assortment of clonal progeny and that many of the cells are fully 
multipotent. Their clonal progeny do not contain all possible neural 
crest derivatives because the dilferentiation process in vitro is simply 
randomized; all combinations of derivatives might be expected. 
The reality is probably somewhere in between these two views. In 
other words, there is probably some progressive restriction of cell 
fate from a truly pluripotential cell through more restricted cell 
types, but the major sublineages are specified relatively early, and 
this specification is controlled by particular growth factors (see 
below). 
Stem Cells in the Adult Brain That neurogenesis is complete 
by the time an animal is born and that the nervous system has a 
severely restricted regenerative capacity in mammals probably 
represent good reasons to believe that there are no cells in the 
brains of adult mammals that have the characteristics of neural stem 
cells. This is not the case in fish, amphibians, and even some birds, 
however, because cells in the subventricular zone of these animals 
retain the capacity to proliferate and differentiate into neurons 
(Alvarez-Buylla et aI, 1990). In birds, it was originally thought that 
these subventricular cells specifically populated higher vocal cen­
ters in the forebrain in response to hormonal stimuli (Nordeen and 
Nordeen, 1990); however, more recent studies indicate that there is 
actually quite a large turnover in avian brains and that much of the 
forebrain is turned over (A. Doupe, personal communication). 
This is clearly not the case in the mammalian brain but it does 
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Figure 1. Cell lineage map of the neural crest. The construction of 
tins map is based on studies of single cell cloning experiments and 
characterization of antigen expression patterns as outlined in the text. The 
full complement of neural crest derivatives is normally only seen in the 
rostral regions of the neural crest. 
appear that there are cells within the adult mammalian brain with 
the properties of neural stem cells. Reynolds and Weiss (1992) 
isolated cells from the adult mouse striatum, induced the prolifer­
ation of precursors within the cultures by administering epidermal 
growth factor, and found that the precursors differentiated into 
neurons and glia when the epidermal growth factor was withdrawn. 
Studies in our laboratory (Richards et ai, 1992b) show that precur­
sors could be induced to differentiate into neuronal cells when they 
were initially stimulated ill vitro with fibroblast growth factor-2 
(FGF2) and then with medium conditioned by an astrocyte cell line. 
The multipotential nature of these cells has been shown by clonal 
analysis, with such clones being able to give rise to both neurons 
and glia. The role of such cells, in rodents at least, might be to 
migrate to the olfactory bulb and differentiate into intemeurons 
(Luskin, 1993; Lois et ai, 1996). 
Whether such cells exist in humans is at present unclear, 
although it has been reported that neuron-like cells can be gener­
ated ill vitro from human temporal lobe periventricular tissue.1 If 
such cells do exist in humans, it opens the way for potential 
replacement therapy in central nervous system diseases. Although 
this may seem a fanciful notion at present because creating func­
tional connections within a diseased or damaged brain appears to be 
extremely difficult, some early experiments, nevertheless, are 
promising. For example, when neural stem cells were genetically 
engineered to carry a therapeutic enzyme (f3-glucuronidase) and 
transplanted, they corrected a mouse model of Sly disease (Snyder 
et ai, 1995). In addition, work from Gage's laboratory shows that it 
may be possible to stimulate axon regrowth in an injured brain with 
appropriate application of growth factors (Aubert et ai, 1995). 
Growth Factor Regulation of Neural Stem Cells There is 
now increasing evidence that soluble growth factors are at least 
partially responsible for the regulation of the expansion of the 
1 Kirshenbaum B, Nedergaard M, Preeuss A, Bahramian K, Goldman SA: 
III IJit.-o neuronal and glial production and differentiation by precursor cells 
derived from the adult human brain. Soc Nelll"Osci Abstr 704:3, 1993 (abstr). 
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neural stem cell pool in the embryo as well as in the control of the 
development of the nervous system generally. Our laboratory has 
been extensively involved in determining the regulation of expan­
sion of this stem cell pool in which factors regulate the differenti­
ation of these stem cells into all of the components of the nervous 
system as well as other neural crest derivatives. 
Regulation of Stem Cell Survival and Proliferation Epige­
netic factors may act upon neural stem cells either to stimulate their 
survival, to induce their proliferation, or to facilitate their specifi­
cation or differentiation into mature cell phenotypes. We have 
found that insulin-like growth factor 1 is a necessary epigenetic 
requirement for the survival of stem cells isolated from EI0 murine 
telencephalon and mesencephalon (Drago et ai, 1991). In this 
system, it appears that the insulin-like growth factor 1 is produced 
by the stem cells themselves, and thus regulation of survival appears 
to be an autocrille function. 
In addition, we have found that members of the fibroblast 
growth factor (FGF) family induce the proliferation of central 
nervous system stem cells (Murphy et ai, 1990). At high cell density, 
FGF also induces the differentiation of these stem cells into neurons 
and astrocytes (Murphy et ai, 1990). This latter response, however, 
may have resulted from the secondary production of other factors 
within the cultures. Clonal studies provide a more precise means of 
analyzing these potential influences. Using clonal analysis, we 
found that FGF alone was unable to induce the differentiation of 
these stem cells (Kilpatrick and Bartlett, 1993), and thus its primary 
activity at this stage of development is proliferation. This singular 
activity of FGF, however, may only occur when the stem cells are 
within the ventricular region of the neural tube. 
We have also shown that most, if not all, neural crest cells are 
stimulated to divide in the presence of FGF, and thus it almost 
definitely stimulates neural crest stem cell division, although for 
these cells, factors in serum are also required (Murphy et ai, 1994). 
In addition, stem cells from the embryonic spinal cord proliferate in 
response to FGF (M. Murphy, unpublished data), and Ray and 
Gage (1994) showed that FGF2 stimulates spinal cord neuronal 
precursor proliferation. Thus, FGF2 stimulates proliferation of stem 
cells for the entire nervous system. FGF2 is sequestered in the 
basement membrane around the neural tube (Kalcheim and 
Neufeld, 1990), and in association with a heparan sulfate proteo­
glycan within the neuroepithelium (Ford et ai, 1994). Our in situ 
hybridization analysis shows specific expression of FGF2 within the 
neural tube and developing dorsal root ganglia at embryonic day 10 
(Murphy et ai, 1994). The cells in the neural tube that are positive 
for FGF2 mRNA are predominantly proliferating cells. Likewise, 
this corresponds to a time when most of these dorsal root ganglia 
cells are proliferating (Lawson et ai, 1974), suggesting autocrine 
regulation of proliferation within these stem cells. FGF2 activity 
may also be regulated through specific interaction with heparan 
sulfate proteoglycan (Nurcombe et ai, 1993; Ford et ai, 1994). 
Epidermal growth factor may also be involved in the stimulation 
of neural precursor cells (An chan et ai, 1991; Reynolds et ai, 1992); 
however, we have found that its activities may be restricted to glial 
progenitors and that it does not stimulate stem cell proliferation 
(Kilpatrick and Bartlett, 1995). 
Factors That Regulate Stem Cell Differentiation One 
would expect, given the vast array of cell types that exist in the 
nervous system as well as other cell types derived from the neural 
crest, that there would also be many factors that are involved in the 
regulation of phenotype of these cells. This is probably the case; 
however, although a number of growth factors have been impli­
cated in this process, there are still many steps in the development 
of these cells that have not been defined. I will address some of the 
known pathways in differentiation of neural stem cells and, in 
particular, those pathways of interest to our laboratory. 
FGF FGF may not only stimulate proliferation of stem cells but 
under different conditions, members of the FGF family may stim­
ulate neuronal differentiation. For example, FGFI and FGF2 may 
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have diH"erent roles in early neural development. The expression 
patterns of these molecules show that FGF2 is expressed at the time 
of precursor proliferation (EI0) but that FGFl is first expressed at 
E12, corresponding to the time of neurogenesis. These factors are 
presented to the FGF receptors in conjunction with specific heparan 
sulfate proteoglycans, and it appears that precursor proliferation or 
di1ferentiation may be favored by diH"erent combinations of FGFs 
and proteoglycan side chains (Nurcombe et aI, 1993). 
In addition, as these cells move away from the ventricular region 
of the neural tube, their response to FGF may change significandy. 
If cells are taken from older embryos and treated with FGF in clonal 
cultures, some of the resulting clones express neuronal markers and 
have the morphology of immature neurons (Kilpatrick and Bartlett, 
1995). In the case of neural crest cells, when these cells are 
emerging from the neural tube and in the process of migration, 
their primary response to FGF is proliferation (Murphy et aI, 1994). 
Some of these cells form the developing sensory ganglia where they 
continue to proliferate for a short time and then diH"erentiate. If 
these sensory ganglia cells are taken from the embryo immediately 
after ending their proliferation in vivo (E12 in mice), they do not 
respond to FGF by proliferating but by differentiating into sensory 
neurons (M. Murphy, unpublished observations). Thus, it is possi­
ble that as the cells change, their FGF receptor expression changes, 
and they respond to different combinations of FGFs and heparan 
sulfate proteoglycans and differentiate. 
Neurotrophic Cytokines Neurotrophic cytokines are a group 
of structurally related factors that include leukemia-inhibitory 
factor (LIF) ciliary neurotrophic factor (CNTF) , oncostatin M, 
growth-promoting activity, and interleukin 6 (Bazan, 1991). These 
factors also have similar signaling pathways and act through 
receptor complexes containing shared components (Gearing et aI, 
1992; Ip et ai, 1992). The first characterized member of the group, 
UF, was originally described almost 20 y ago as a factor that 
regulates transmitter phenotype in neurons (Patterson, 1978). We 
found that LIF stimulated neuronal generation of the stem cells of 
the peripheral nervous system, the neural crest (Murphy et aI, 
1991). These neurons have sensory characteristics, and we later 
found that LIF also stimulates sensory neuron differentiation of 
precursor cells in developing sensory ganglia (Murphy et aI, 1993). 
In addition, neuronal differentiation of spinal cord stem cells is 
dependent on factors acting through the LIF receptor (Richards et 
aI, 1992b). In later experiments we showed that LIF acts direcdy on 
neuronal precursors and is primarily a differentiation factor (Rich­
ards et aI, 1996). 
These cytokines also have been implicated in glial development. 
eNTF, together with serum and extracellular matrix, induces the in 
vitro di1ferentiation of type 2 astrocytes from 0-2A progenitors 
isolated from rat optic nerve (Hughes et ai, 1988; Lillien and Ra1f, 
1990). Recendy both CNTF and LIF have been shown to promote 
the di1ferentiation of glial progenitors, derived from the optic 
nerve, into both oligodendrocytes and astrocytes (Mayer et aI, 
1994). We found that in the presence of serum, LIF potentiates the 
di1ferentiation of stem cells into GF AP-positive astrocytes (Richards 
et ai, 1996). Together, these results suggest that LIF, or related 
cytokines, act as differentiation agents for spinal cord stem cells, 
regardless of their lineage. Thus the action of these molecules is not 
to specifY cell lineage, but rather to potentiate the differentiation 
process. 
So far, mice deleted for either UP (Stewart et aI, 1992) or CNTF 
genes (Masu et aI, 1993) have revealed no defects in the develop­
ment of spinal cord neurons. Recent observations, however, reveal 
developmental defects in spinal cord neurons and astrocytes of mice 
deleted for a component of the LIF receptor (Ware et aI, 1995; 
S. Koblar, M. Murphy, P.F. Bartlett, unpublished observations). 
These findings suggest that factors apart from LIF or CNTF, but 
that signal through LIF receptors, are involved in the differentiation 
process. 
Lineage Specification Factors One of the big unanswered 
questions in development is how the fate of stem cells is decided. In 
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Figure 2. A scheme for the development of sensory neurons from 
the neural crest. In this scheme. the development of sensory neurons is 
seen as a series of steps, each of which is controlled or promoted by a 
particular factor or factors. 
blood development there is no good evidence that stem cell fate is 
specified; rather it is proposed to be a stochastic process, whereby 
a stem cell will differentiate down one lineage or the other 
randomly. The newly diH"erentiated cells then become dependent 
on lineage-specific growth factors for their survival and prolifera­
tion, and thus different cell types are selected for rather than being 
specified by growth factors. Recent information suggests that this 
may not be the case in the nervous system and that there may well 
be lineage-specifying factors in addition to lineage selection factors. 
Studies in rat neural crest show that glial growth factor, previously 
defined as a Schwann cell mitogen, strongly suppresses neuronal 
diH"erentiation of the stem cells while promoting or allowing glial 
differentiation (Shah et ai, 1994). Clonal analysis suggests that the 
glial growth factor is specifying cell fate rather than being selective 
(Shah et aI, 1994). 
We have found that stem cells from the spinal cord specifically 
give rise to motor neuron-like cells when plated onto an astrocyte 
precursor cell line (Richards et aI, 1995). Time-lapse analysis 
revealed that the great majority of precursors can be induced to 
diH"erentiate into the motor neuron phenotype by factors produced 
by Ast-1 cells, suggesting that a similar factor(s) produced by cells 
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akin to Ast-1 may specify the motor neuron lineage in vivo. A 
candidate factor responsible for motor neuron specification is sonic 
hedgehog, which induces expression of a transcription factor, 1s1-1, 
found in motor neurons (pownall, 1994). We have found, how­
ever, that sonic hedgehog alone is insufficient to induce motor 
neuron differentiation (R. Dutton and M. Murphy, unpublished 
observations) . 
Recently, a member of the transforming growth factor-{3 
(TGF-{3) family, bone morphogenic protein 2, was found to rapidly 
induce the production of a neuronal-specific transcription factor, 
MASH1, in neural crest stem cells (Shah et ai, 1996). The MASH1 + 
cells then differentiated into neurons. In vivo, MASH1 + cells are 
located near sites of bone morphogenic protein 2 mRNA expres­
sion. Another member of the TGF-{3 family, TGF-{31, exclusively 
promotes smooth muscle differentiation (Shah et ai, 1996). Thus, 
alternative neural crest cell fates are specified by different TGF-{3 
family members, and these data further support the idea that neural 
stem cells are directly specified into particular lineage pathways. 
Toward the Definition of Pathways from Stem Cell to 
Terminal Differentiation Our studies with LIF on sensory 
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neurons were extended to examine the role of other growth factors 
in sensory development. We found that as the sensory neurons 
developed, different growth factors came into play. These studies 
could be integrated into a pathway of sensory development, 
wherein each step in the pathway represents a different stage in the 
development of the sensory lineage and is regulated by at least one 
growth factor. Such a pathway is shown in Fig 2. 
Neural stem cells give rise not only to the nervous system, but 
also to other cell types in the body including skin melanocytes. 
Because melanocytes regulate skin and hair color, it has been 
relatively easy to isolate murine mutants that have coat color 
variation and alterations in melanocytes or in melanocyte develop­
ment. Some of these mutants have mutations in genes for growth 
factors or receptors, indicating that such growth factor signaling is 
required for proper melanocyte development and function. We 
have used this information and studied the functions of these 
growth factors in melanocyte development (Murphy et ai, 1992; 
Reid et ai, 1995). We have incorporated these findings into a 
pathway of melanocyte development (Fig 3). The receptor for one 
of the factors involved, Steel factor, is exclusively expressed by 
melanocyte progenitor cells within the neural crest population, and 
the subsequent survival and proliferation of these cells are regulated 
by Steel factor. Thus, this factor is acting as a classic selective factor. 
Another factor implicated in this pathway is endothelin 3, which 
also acts on the melanocyte progenitors to correlate their survival 
and proliferation with Steel factor (Reid et ai, 1996). In addition, 
endothelin 3 stimulates the differentiation of these cells into mature 
pigmented melanocytes (Reid et ai, 1996). The classic melanocyte 
factor, melanocyte stimulating hormone, can then act on these 
mature melanocytes to regulate the degree of their pigmentation. 
Finally, we have discovered an as yet uncharacterized factor that 
has the ability to upregulate the steel factor receptor on neural crest 
stem cells (c-kit factor), and thus this factor may be involved in the 
specification of the melanocyte lineage directly from the neural 
crest stem cells (K. Reid and M. Murphy, unpublished data). 
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